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THETICAL TWOSPOOL AND ONE-SPOOL - E X G m  

By James F. Dugan, Jr . 

The performance with  afterburning and with  afterburner  inoperative 
and the component areas of hypothetical two- and  one-spool turbojet  en- 
gines  are  coqared f o r  two  modes of operation over a range  of f l i g h t  
conditions.  Flight Mach mmiber varies f r o m  0 t o  0.9 at sea leve l  and 
f r o m  0.9 t o  2.8 in  the  stratosphere.  Both engines  have a design colqpres- 
sor  pressure  ratio of 7.0. The turbine-inlet temperahre is maintained 

the mechanical  speeds of  the one-spool  and of the outer spool of the 
two-spool  engine are assigned constant.  For mode 11 operation  the  equiv- 
a lent   speeh of these components are assigned t o  be llO-percent  design 
f o r  a l l  engine-inlet  temperatures  less than 567O R. For higher inlet 
temperatures, t he  mechanical  speeds are held  constant at "percent 
design.  Conpressor and turbine frontal areas me  calculated f m m  the 
engine  design  conditions and assigned aerodynamic limits. &&ustor, 
dterburner, and exhaust-nozzle f ronta l  areas compatible  with  the as- 
signed limits we dculat& over the  range of flight  conditions. 

*: 
i 

constant at design (2500° R) f o r  modes I and II. For mode I operation 

For mode I operation,  the two-spool t-t values  are a8 great as 
or  greater  than  the one-spool thrust values  over  the  entire  flight  range 
considered,  while  the  specific fuel consumption (sfc) for the  two engines 
agrees within 1 percent. Iche maximum difference fn thrust o c m s  at Mach 
2.8, where the two-spool thrust is greater by about 9 percent  with  the 
afterburner  inoperative and about 6 percent  with dterburning. The maxi- 
mum conibustor f ronta l  areas f o r  the two- and  one-spool  engines  are, re- 
spectively, 6 and 5 percent larger than the  compressor f ronta l  area. The 
maximum afterburner'  frontel areas are 19 and 1 6  percent greater than  the 
compressor frontal   area.  With afterburner  inoperative,  the maximum r a t i o  
of  exhaust-nozzle-exit  area f o r  complete expansfon t o  compressor f ronta l  

burning,  these ratios are 2.62 and 2.50. 
* area is 1.92 for   the  two- and 1.77 for   the  one-spool  engine. With after- 

L For mode II operation  with  afterburning  or  with  the  afterburner in- 
operative, two-spool performance excels.  over one par t  of  the   f l igh t  range, 
w h i l e  one-spool  performance excels  over  another,  the m~urirmun thrust  ad- 
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one-spool  engine. A t  sea level, two-spool s fc  is up t o  5 percent less 
than  one-spool s f c j  i n  the stratosphere,  the maximum difference is about 
3 percent. The maximum combustor f ronta l  weas for   the  two- and one- 
spool  engines are, respectively, El and 16 percent  greater  than  the com- 
pressor  frontal area. The maximum afterburner  frontal areas are 40 and 
37 percent greate2 Wan the compressor f rontal  area. With afterburner 
inoperative,. the rhRx-rrmlm r a t io  of exhaust-nozzle-exit area fo r  complete 
expansion t o  compressor f rontal  mea is 2.12 for  Qhe two- and 2.20 for  
the one-spool  engine. With afterburning, these rat ios   are  3.05 and 
3.16. 

0, 

m 
z! 

TNTROWTCTION 

For many turbojet-engine  applications,  both two-  and one-spool con- 
figurations are suitgble w i t h  regard t o  design performance. The choice 
f o r  a given  application depends on many factors, such as the design 
values of compressor pressure  ratio and turbine-inlet  temperature, t h e  
range of flight conditions, mode of engine  operation,  off-design  perform- 
ance  requirements,  performance  requirements  during  transients, and the 3 
s ize  and weight of the  engine components. 

" 

This report compares the performance and  component f rontal  areas of 
a hypothetical two-spool turbojet  engine with those of a hypothetical 
one-spool turbojet  engine. Both engines have a design  over-all compres- 
sor  pressure  ratio of 7 .O and a design  turbhe-inlet  temperature of 2500' 
R. The design  pressure  ratio of  the outer and inner  coqressors of the - 

two-spool  engine is 2.646. - 

* 

While the  design  performance of these two engines is the same, t h e  
off-design  performance may difYer to some extent  because of different 
off-design  variations i n  compressor equivalent  weight flow,  compressor 
total-pressure  ratio, and compressor and turbine  efficiencies. The two- 
spool  engine is expected t o  pass more weight flow than  the one-spool  en- 
gine at the  lower equivalent  engine  speeds.  .The.performance maps of six 
compressors  having design pressure  ratios from 2.08 t o  9.20 are  general- 
ized  in  reference 1, where the design pressure  ratio  corresponds  to peak 
polytropic  efficiency. One of the  generalized curves shows the  variation 
of compressor equivalent w e i g h t  flow at msximum efficiency with equivalent 
speed for  different  design compressor pressure  rstios. At equivalent 

,speeds of design and greater than deslgn,,  the maximum-efficiency equiva- 
len t  weight flow is independent of design pressure rat io .  A t  equivalent 
speed6 less than  design,  the lower-design-pres.se-ratio compre.ssors pa66 
more equivalent  weight flow than  the  higher-design-pressure-ratio com- 
preesors. For instance, eh 70-percent e@lvaJ-ent speed, the maximum- 
efficiency  equivalent w e i g h t  flow of a compressor having a design pressure . 

r a t io  of 2.646 is about 17 percent  greater  than  that  for a cornpressor hav- ? 

ing a design pressure ratio of 7.0. 

.\ 
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In  an engine, the  equivalent weight flow at a particular equivalent 
speed is not  necessarily that f o r  maximum efficiency. Depending on the  
mode of  engine  operation,  the  'equivdent weight flow may be greater o r  
less than  that   for  maximum efficiency. The differences  in compressor 
total-pressure  ra t io  and component efficiency between the  two- and one- 

' spool engines me exgected t o  have less ef fec t  on t he  engine  performance 
comparison than  the  difference i n  equivalent w e i g h t  flow. 

crt al Each of t he  two hypothetical engines investigated is operated  over 
G a range of f l ight   condi t ions  for  two  modes of operation, A t  sea leve l ,  

flight Mach nmiber i s  varied from 0 t o  0.9;' in   the  s t ra tosphere,  From 
0.9 t o  2.8. For  both  operating modes, the  turbine-inlet  temperature is 
maintained  constant at 250O0 R. For mode I operation,  the  mechanical 
speed o f  t he  one-spool  engine and the  outer-spool  mechanical  speed of 
t he  two-spool  engine are assigned t o  be constant.  For mode II operation, 
the  equivalent  speed of t he  oae-spool engine and the  outer-spool  equiva- 
l e n t  speed  of t he  two-spool engine are assigned t o  be 110-percent  design 

temperatures, t he  mechanical  speeds of t h e  one-spool  engine and of t he  
outer spool of the  two-spool engine are held constant at ll5-percent 
design. 

% 
P, 
d f o r  aJ1 engine-inlet temperatures less than 567' R. For  higher inlet 

3 

After the  compressor  and turbine performance maps are obtained ana- 
ly t ica l ly ,  the gas-generator punping characteristics of t he  two engines 
are obtained by matching the compressor, c o h s t o r ,  a d  turbine com- 
ponents. Engine  performance with  afterburning and with  the afterburner 
inoperative is calculated From the  ming character is t ics   for  two modes 
of operation  over a range of flight conditions.  Operating  lines are 
located on the  compressor and turbine maps of both  engines,  and the  va r i -  
at ion of engine  weight  flow  with flight condition is found. 

The compressor and turbine  f rontal  areas axe calculated from the  
engine  design  conditions and selected aerodynamic limits. AerodymmLc 
limits axe selected f o r   t h e  combustor and afterburner, and the   f ronta l  
area of ' these components consistent  with  the  selected limits are calcu- 
lated  over the range of f l i g h t  con&tions.  For aerat ion  with  af terburn-  
ing and with afterburner inoperative  over the complete range of m g h t  
conditions,  the required variations  in  exhaust-nozzle-throat and -exit 
area are calculated.for each  engine. 

.I 

Description  of Engines 
1 

D e s i g n  conditions. - A cross  section of a two-spool turbojet  engine 
with  afterburner is  shown i n  figure l(a) together  with  the  axial   stations.  
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(Stations and other sy-rfbols are defined i n  appendix A . )  The two-spool 
engine  design  conditions  for  sea-level  operation at a Mach nuniber of 
zero  (identical  with  those f o r  the engine of ref. 2) are as follows: 

O v e r - a l l  compressor pressure  ratio . . . . . . . . . . . . . . . . .  7.0 
Outer-cotapressor equivalent  weight flow, lb/sec . . . . . . . . . . .  150 
Outer- and  inner-compressor pressure  ratio . . . . . . . .  -. . . . .  2.646 
Outer- and inner-compressor polytropic-  efficiency,.  percent -. . -. . .  9 0 -  
Inner-turbine-inlet  temperature, OR . . . . . . . . . . . . . . . .  - 2500 
Inner-turbine  equivalent  specific work, Btu/lb . . . . . . . . . .  12.8 

Outer-turbine  equivalent  specific work, Btu/lb . . . . . . . . . .  10.3 
Afterburner  temperature, OR . . . . . . . . . . . . . . . . . . .  3500 
Inner-  and  auter-turbine  adiabatic  efficiency,  percent . . . . . . .  87 

Figure l(b) shows a cross  section of  a one-spool turbojet  engine 
with  afterburner. The one-spool engine design  conditions  for  sea-level 
operation. a t  a .Mach .nwber of zero are as. fo&ws: 

" 

. .  

Compressor pressure r a t i o  . . . . . . . . . . . . . . . . . . . . .  7.0 
Compressor equivGent  weight flow, lb/sec . . . . . . . . . . . . .  150 
Comgressor and turbine  adiabatic  efficiency, percent . . . . . . . .  87 
Turbine-inlet  temperature, OR . . . . . . . . . . . . . . . . . .  2500 
Turbine  equivalent  specific work, Btu/lb . . . . . . . . . . . . .  21.9 
Afterburner  temperature, OR . . . . . . . . . . . . . . . . . . .  3500 

Component performance. - The compressfir maps of the two-spool engine 
shown i n  figures Z(a) and  (b) were obtained i n  three steps: (1) the 
"backbone" or  maxim-efficiency  l ine was  calculatedj (2) the compressor 
stall-limit l i ne  w a s  calculatedj and (3) constant-speed  lines were con- 
structed. T h i s  procedure and the  required  curves  are  presented i n   r e f -  
ererlce 1. The coqressor  map of the one-spool  engine shown I n  figure 
2(c) vas derived from the compressor map presented i n  reference 3. The 
deaign point on figure  2(c)  corresponds  to. a .  pressure  ratio of 7 .O at 
90-percent  design  speed on the mag of reference .J: . . . .  " 

. .  

The inrier- ana  outef-turbine m-ps of the two-spool engine are shown 
i n  figures 2(d) and (e),  respectively.  Figure 2 ( f )  shows the  turbine map 
of  the one-spool  engine. A l l  three maps were obtained from the  one-stage 
turbine performance map of reference 4, as described i n  reference 1. 

The i n l e t  performance is shown in  f igure 2 ( g ) ,  which is a calculated 
plot  of total-pressure-recovery  ratio .P1/Po against   f l ight Mach  number 
% for  a variable-geometry in l e t  having two adjuetable wedges and a by- 
pass  duct. 

3 
M 

- 

....... - 
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Pumping Characteristics 

The  pumping characterist ics of  a two-spool gas generator, as defined 
in   this   report ,   are   the  re la t ions among the  following  quantities: T4/T1, 
NJ-, N i W l ,  wl@&, Pg/P1, Ts/Tl, and f/Bl. For the one-spool 
engine, the  quant i t ies  are: TdTl, N / W 1 ,  w1@&j6, P&, Tg/T1, and 
f/el. Pumping characterist ics are obtained by plot t ing  the colqpressor 
and turbine component performance i n  terms of  quantities  suitable  for 
matching and then  re la t ing  the compressor,  cmibustor, and turbine  per- 
formances so that the matching relat ions are sat isf ied.  The matching 
procedures, which are similar t o  those  described  in  reference 5, me 
presented  in appen- B. 

Mode6 of Engine  Operation 

Operation is considered f o r  f l i g h t  Mach nunibers from 0 t o  0.9 at 
s. .. sea  level and from 0.9 t o  2.8 in the  stratosphere. Before the  perfom- 

ance  of a turbojet  engine at a given f l i g h t  Mach mmiber and al t i tude 
can be  calculated,  the martrier i n  ~ c h  the  engine is  operated must be 
specified.  For  equilibrium  operation, two engine w a n t i t i e s  must be 
specified. Two modes of operation are considered f o r  the two- and one- 
spool turbojets of this   report .  

# 

Two spool. - A t  a particular  outer-spool  equivalent speed, engine 
thrust  increases  with  inner-turbine-inlet  temperature.  For  both  operat- 
ing modes, the  inner-turbfne-inlet  temperature is assigned t o  be 2500° 
R, the  design  value,  for dl flight  conditions.  For mode I oFeration, 
the second quantity  assigned is the mechanical speed of the outer spool. 
For all flight  conditions,  the  mechanical  speed Fs assigned to   be  con- 
s tant  at i ts  design  value. 

A t  any fl ight  condition,  for a fixed  turbine t o  compressor  tempera- 
ture r a t i o  T4/Tl, engine  thrust  generally  increases  with  outer-spool 
equivdent speed. (At some high value of  outer-spool  equivalent speed, 
a further  increase in speed  results  in no increase  in  equivalent weight 
flow and a decrease i n  conpressor  efficiency, ~uch  tha t  engine  thrust 
decreases.)  For mode U: operation,  outer-spool  equivalent speed, which 
i s  the second  engfne quantity t o  be  specified, is assigned t o  be constant 
at 110-percent design fo r  a l l  vdueB of engine-inlet  temperature  less 
than 567O R. A t  sea  level,  engine-inlet  temperature  increases f r o m  5 1 8 . 7 O  

sphere,  engine-inlet  temperature is less than 567O R fo r  all flight Mach 
nunibers less   than 1.51. For all inlet temperatures  =eater than 567O R 

stratosphere),  the  mechanical  speed of  the  outer spool is  held  constant 

rr t o  567' R as f l i g h t  Mach nuiber increases from 0 t o  0.68. In the  strato- 

-r (for f l i gh t  Mach nmibers greater than 6.68 at sea l e v e l  and 1.51 i n   t h e  
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at 115-pecent  design. A t  an i n l e t  temperature of 567O R, a m e c h a i c a  
speed of 115-percent  design  corresponds to.&  equivalent speed of 110- 
percent  design. 

. 
. .  

. .. 
. - -. 

One spool. - The two modes of operation f o r  the one-spool  engine 
are similar t o  those for the two-spool engine. For both  operating modes, 
t h e  turbine-inlet  temperature i s  assigned t o  be 2500' R, the  design " . . 

value, for all flight  conditions.  For mode I operation,  the mechanical 
speed i s  assigned t o  be  constant at i ts  design  value f o r  a l l  f l i gh t  con- 
ditions. For mode I I  operation,  the  equivalent  speed is assigied t o  be 
constant a t  110-percent deslm. f o r  all -vdu&s of engineiinlet  temperihre 
less than 567O R. For h igher , in le t  temperatures, t he  mechanical  speed is 
held  constant at 115-percent  design. 

Q3 
" K3 

a 
.. . . 

Component Operating  Lines 

The m i a t i o n s  of T1 and 81 with flight  condition were calcu- 
la ted from 4 - 

where to is the  ambient temperature at the  specif ied  a l t i tude and Q 

is the  specified flight Mach nuniber. 
For t he  two  modes of operation,  the  varia$iuns of T d T l  and 

N/@l o r  No/@l with  flight  condition 'are calculated  from'the  spec- 
I .. . ._ "" I 

if ied  values of T4;. N, No, or NJfll;  and the  calculated  values of Tl 
and el. The operating  lines are located on the component  maps of t he  
two-spool engine from the  variations of NJfll and Tq/T1 with  f l ight  
condition and gas-generator  plots of Pz/P1, wlcd61, PdPz, w~@J&, 

(E4 - H5>/04, W*NI/", (E5 - .%)/e5, and W ~ I ~ J ~ S  Wainst Tq/Tl with 
N O / V l  as paramete. For t he  one-spool  engine, plots  of  P3/P1, 
wlflJBl, (H4 - %)/e4, and against T$Tl with N / C l  as 
parameter were used t o  locate  the  operating  l ines on the  compressor and 
turbine maps. 

" - 

. " - 

Engine  Performance 

Thrust and specific-fiel-con~un.~tion values are calculated far oper- 
ation  with  afterburning and with  afterburner  inoperative. The afterburn- 
ing  temperature is. assigned to  be  constant a t  its design  value, 3500° R. - 
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In calculating  engine performance, t he   value^ of two pumping- 
character is t ic   quant i t ies  mst be found first. For  each flight condi-. 
tion, t he  compressor equivalent speed, Ndwl or  N / w l ,  and turbine 
t o  comgressor temperature  ratio T $ / T ~  are found, as previously 
discussed. 

The following procedure is used t o  calculate   thrust  and specific- 
0 4  
03 flKL-consumption values: 
z 

(1) vdues of wlFd66, p&, T ~ / T ~ ,  ana f/e, "e read from 
the  gas-generator  pumping-characteristic  curves  for  the known values of 
T ~ / T ~  and e q u i d e n t  s p e d  @/Wl or NJF~). 

(2) Inlet totd-pressure-recovery  ratio pl/Po is  read from f ig -  

ure 2(g). 

J (3 1 

Y - 
where P d p o  = (I + y-i  % ~y-1 , and P7/P6 is 0.96 f o r  inoperative- 

afterburner operit ion ana 0.94 for  afterburning  operation. 

(4) Jet velocity is calculated from 

where % = 0.96, T7 = T6 for   inoperat ive-af terbner   operat ion,  and 
T~ = 3500~ R f o r  aftertmrning operation. 

Fn = - wl [(X + f ) V j  - Vo] 
i3 (5 1 
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where wl is  calculated from values  of qfld86, Tg/T1, PdP1, Pl, 
a d  Tlj Vo is  calculated f r o m  

and f is calculated from values  of f / O l  and O1 for  inoperative- 
afterburner  operation.  For  afterburning  operation,  the  value of fuel-air 
ratio  for  the  afterburner  is found by  using  figure 2 of  reference 6 .  In 
calculating  the  total fuel-air ratio,  conitustor  efficiency  is  taken  equal 
to 0.95, ana afterburner  efficiency  equal  to 0.90. The  fuel  is  assumed 
to  have a lower  heating  value of 18,700 B t u  per pound and a hydrogen- 
cazbon  ratio of 0.175. 

(6) Specific  fuel  consumption  is  calculated  from 

3600f 
sfc  = - 

Fn 
w1 
- 

Component Areas 

Two spool. - The  component  frontal  areas of the two-spool engine 
were  computed  for  the following deBign  values: 

A i r  flow per  unit  frontal area at  station 1, (lb/sec)/sq  ft . . . .  
Outer-compressor  tip  speed,  ft/sec . . . . . . . . . . . . . . . .  
Outer-compressor-entrance axial Mach xnmiber . . . . . . . . . . . .  
Ratio of Inner-compressor  first-rotor  tip  relative Mach number to 
outer-compressor  first-rotor  tip  relative Mach number . . . . . .  

Ratio of inner-compressor-inlet axial velocity  to  outer-compressor- 
inlet  axial  velocity, V ~ , Z / V ~ , ~  . . . . . . . . . . . . . . . . .  

Inner- and outer-compressor-exit  tangentid  velocity,  ft/sec . . .  
Inner-turbine-exit  axial-velocity  ratio,  Vx,5/acr,5 . . . . . . . .  

Outer-turbine-exit  axid-velocity  ra-t;io, v dacr,6 . . . . . . . .  
Primary-combustor  reference  velocity,  ft/sec . . . . . . . . . . .  

Nuniber of inner- and outer-turbine  stages . . . . . . . . . . . . .  
Inner-turbine loading  parameter, Jg(H4 - %)/Ug,s . . . . . . . . .  
Outer-turbine loading parameter, Jg(% -. %)/UgI6 . . . . . . . . .  
Prfmary-conibustor  hub-tip  radius  ratio . . . . . . . . . . . . . .  
Afterburner  velocity,  ft/sec . . . . . . . . . . . . . . . . . . .  

X, 

.55 
l l oo  
0.6 

. 1  

. 1  

. o  
0.5 
. 1  
2.1 
0.5 
2.1 
200 
0.4 
550 

Outer-compressor  frontal mea was dculated from the  values of air 
flow and afr flow per unit frontd area3  inner-compressor f rontal  mea 
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was assigned  equal to outer-compressor  frontaJ-  area.  Values of outer- 
compressor t i p  speed  and  entrance axial Mach mer Se lded  values of 
r o t o r   t i p  relative Mach mmber and hub-tip radius rat io .  Guide vanes 
were not used.  Inner-spool t i p  speed was calculated f r o m  the values 
of temperature,  axial velocity, and ro to r   t i p   r e l a t ive  Mach  nuniber at 
the  entrance of the  inner Spool. 

01, 
w 

G From cycle  calculations and the  selected value of twbine-exit  
axial-velocity ra t io ,  the exit annulus area of  each turbine was  computed. 
From values of turbine specific work, stage-loading  mameter, and angular 
velocity, the hub radius of each b b h e  w a s  calculated. This value, to- 
gether  with the value of d u s  area, determined the f rontal  area of each 
turbine; constant ro tor   t ip   rad ius  -6 assumed f o r  each turbine. R o t o r  
blade hub centrifugal  stresses w e r e  calculated f o r  assumed values of 
blade-taper factor  and densfty of materid of 0.7 and 490 pounds per cubic 
foot,  respectively. 

The primary-conibustor f ronta l  area compatible  with the specified 
values of hub-tip  radius r a t i o  and reference velocfty was  cslcula;ted f o r  
the full range of flight conditions 88 described in reference 2. After- 
burner  frontal area was determined f o r  the  speclfied afterburner velocity. 
For  operation  with afterburning and with afterburner inoperatlve over the  
full range of flight condAtions, exhaust-nozzle-throat and -exit areas 
f o r  cowlete  expansion were calculated a6 discussed in  reference 2. 

One Spool. - The component f ronta l  areas of the one-spool  engine 
were comguted for  the  following  design  vdues : 

Air flow per   uni t   f rontal  area at Station 1, (lb/seC)/Sq ft . . . . .  35 
Comressor t i p  speed, f t /sec . . . . . . . . . . . . . . . . . . .  1100 
Coqressor-entrance axid Mach ZIumber . . . . . . . . . . . . . . .  0.6 
k&er  of turbhe stages . . . . . . . . . . . . . . . . . . . . . . .  2 

Turbine loading parameter, Jg(E4 . %)/b& . . . . . . . . . . . .  6.3 
Turbine-exit  axid-vdocity  ratio, vx,dam,6 . . . . . . . . . . .  0.5 
Primary-codistor  reference  velocity, ft/sec . . . . . . . . . . .  200 
Primary-conibustor hub-ti   radius  ratio . . . . . . . . . . . . . .  0.4 
afterburner velocity,  f t f sec  . . . . . . . . . . . . . . . . . . .  550 

The frontal areas o f  the compressor, *bine, primary conibustor, and 
afterburner, and both the throat and exit meas of the exhaust nozzle 
w e r e  computed as f o r  the  two-spool engine. 

c 

U 
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Component Operating Lines 
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The  two- .and one-spool operating  .lines  .for.  the twqAmodes of opera- 
t ion  over  .the full range .of flight cond&tjons  considered..are sham on" 
the compressor and turbine maps i n  figure 3. .. 

- .. 
.. . . - . .. 

Mode I operation. - The two-spool operating  l ine on -the  outer- 
compressor .uap (f ig .  3(a)) for  mode. I operation p a r a l l ~ s  the  stall- -. 
limit l ine  and passes through  the maxi&-efficiency  region. The slope 
o f  the  inner-compressor  operating l ine  ( f ig .  3(p)) is greater than the  
slope of the  ma&hum-efficiency.line, s o  that the  inner compressor oper- 
ates at m e x i m u m  efficiency  only at spec-as.. s/@z' near  deeign. Outer- 

compressor efficiency varies between 0.85 apd 0.8.8, while . i rmer-cqressor  
efficiency  varies between 0.77 and 0.88.. 

.. - " 

The compressor oper-ating l i n e  for the one-spool  engine para l le l s  t h e  
stall-limit l i n e  (fig. 3(c)) .  A t  each  speed I?/fi, compressor effi- 
ciency Is only s l ight ly   less   than maximum efficiency.  Efficiency v a r i e s  
lx?Lueen 0.80 and 0.87. 

- -. . _" . . 

" . " 

. . - . - . . . . . .  ". 

Along the inner -turbine  operating  Une (fig . 3(&) ) , .equivalent 6pe - 
c i f i c  work is constant at i ts  design  value, and efficiency varies between 
0.87 and 0.88. The outer-turbine  operating  l ine  (fig.   3(e)), l ies  along 
the design-speed Mo/l/hs l ine,  and efficiency va r i e s  between 0.86 and 
0.87. The turbine of t he  am--spool emine operates at design  speed -1. 
N / a ,  and efficiency i s  neaxly  constant at 0.87 (fig. .  3 ( f ) ) .  

- 
.- 

. ." 

Mode I1 operation. - The outer-compressor operating  line f o r  mode I1 
operation (f ig .  3(a)) l i es  closer t a  the_stxiLl-$imit-.l~ne -than . . d o e s .  the - 
l i n e  of maximum efficiency,  because the compressor and turbine. components 
were sized  for  the  zero Mach number sea-level  conditions .of mode I. The 
components could.he_ designed f a r  other.  condl t ims.  so tha t   the  mode I1 
operating  line would pass  through the uqximum-efficiency region.. If %his 
were done, the  engine  equivalent  weight f l o w  at each  speed No/@; would 
be about 4 t o  8 percent higher. The inner-compressor  .operating l ine f o r  
mode I1 operation  (fig.  3(b)) i s  nearly  coincident  with  that  for mode I 
operation. Inner-compressor efficiency varies between 0.71 and 0.88.. 
For the one-spool  engine, the  compressor..operating l i n e  l i es  farther from 
the stall-limit l ine  than  does . the   l ine  .of.. efficiency  (fig.  3(c)). 
If the  compressor and turbine were s t eed  s.o=he..mode I1 operatiqg 
l i n e  would pass .through the  maxim-efficiency  region,  the engine equiv- 
alent weight flow- speeds N/v6i below design would decrease  slightly. 

.- 

* 

" - 
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Along the  inner-turbine  operating  line  (fig. 3(d)), equivalent  spe- 
c i f i c  work is constant at its design value, and efficiency varies between 
0.87 and 0.88. The outer-turbine  operating  line  has two branches  (fig. 
3(e)).  For  operation at constant  outer-compressor  equivalent  speed, 
outer-turbine  equfvalent  speed vmies, and efficiency  varies between 0.85 
and 0.87. For  operation at constant  outer-comgressor  mechanical  speed, 
outer-turbine  equivalent,  speed i s  constant, and efficiency  varies between 
0.85 and 0.80. The end  of the  outer-turbfne  operating  l ine  Ues very 
close  to  the  limiting-loading  line. If more margin is desired,  the  outer- 
turbine annulus mea w o u l d  have t o  be  Lncreased. 

The one-spool turbine  operating  line also has two branches  (fig. 
3 ( f ) ) .  For constant compressor equivalent  speed  operation,  turbine'equiv- 
d e n t  speed varies,  and efficiency is nearly  constant at 0.87. For con- 
s tan t  compressor  mechanical speed  operation,  turbine  equivalent speed. is  
constant,  and  efficiency varies between 0.87 and 0.80. The end of the 
turbine  operating  line  lies  very  close t o  the  limiting-loadlng  line. 

Weight-Flaw Variations 

Mode I operation. - The variation of engine  equivalent  weight flow 
in  percent  design  with flight condition  for mode I operation is shown i n  
figure 4(a). These weight-flow  variations  influence  the  engine  thrust 
variations,  as thrust  is proportional. t o  weight flow. The weight-flow 
variations  for  the two engtnes are very similar. The maximum difference 
occurs at the highest flight Mach n-er, where the w e i g h t  flow for   the  
two-spool  engine is  6 percent  greater than tha t   fo r  the one-spool  engine. 

If the  outer compressor  of the two-spool  engine and the  one-spool 
compressor each  operated at maximum efficiency,  the two-spool equivalent 
weight  flow at Mach 2.8 (72-percent  equivalent  speed) would be 15 percent 
higher  than  for  the one-spool  engine. The difference of 6 percent  re- 
su l t s  because the  outer compressor of the two-spool  engine  operates at an 
equivalent weight flow lower than   tha t   for  maximum efficiency,  while  the 
me-spool compressor operates at an equivalent  weight  flow  higher than 
that  f o r  maximum efficiency. 

Mode II operation. - The variation of engine  equivalent  weight  flow 
in  percent  design  with  flight  condition  for mode I1 operation i s  shown 
i n  figure 4 (b) . Ixlring that part  of the  f l ight  range f o r  which equiva- 
len t  speed is held  constant at Il0-percent  design,  the weight flow for 
the two-spool engine  exceeds tha t  f o r  the one-spool  engine  by 1 t o  7 per- 
cent. During most of  the  flight range f o r  which  mechanical  speed is  held 
constant at Il5-percent  design,  the weight flow for   the  one-spool  engine 
exceeds tha t  f o r  the two-spool. The rmzlrim difference is  about 8 
percent. 
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If, for  mode I1 operation,  the corqpressor and turbine components 
were sized so that  the  operating  line of the one-spool  engine would paes 
through the compressor design  point and the  operating  line  of  the two- 
spool  engine would pass through the outer-compressor  design  point, the 
weight-flow variations  for  the two englnes would be  altered. Over the 
f l i gh t  range, the one-spool  weight flow would decrease  less  than 2 per- 
cent,  while  the two-spool  weight  flow would increase 4 t o  8 percent. 
The effect  on the weight-flow comparison betwee! the two engines would 
be to increase  the  difference  during  constant-equivalent-speed  operation 
and decrease  the  difference during constant-mechanical-speed  operation 
over most of the  f l ight  range. 

Engine  Performance 

Two-spool performance with  merburning and with  the  afterburner 
inoperative is compared with  one-spool  performance f o r  the two modes of 
operation  in  figure 5. In   this   f igure,   ecivalent   net .   thrust  and spe- 
c i f i c  fuel consumption, both  as  percent  design, are plotted  against 
f l i gh t  Mach number.  The design  value of  equivalent  net thrust is  11,300 
pounds, jELnd the  design value of s f c  i s  1.166 pounds of fuel  per hour per 
pound thrust. 

Mode I operation. - For mode I operation  with  ‘the  afterburner  in- 
operative  (fig.  5(a) ), the  two-spool thrust values axe 86 great 88 o r  
greater  than  those for the one-spool  engine  over the  ent i re   f l ight  range 
considered. The maximum difference  occurs at Mach 2.8 in   the  s t ra to-  
sphere, where the two-spool thrust is about 9 percent  greater  than  the 
one-spool thrust. The s f c  values for   the two engines  are  practically 
the same over the   en t i re   f l igh t  range, the  difference  being 1 percent  or 
less. 

The compa;rison of  two-  and one-spool performance for mode I opera- 
tion  with  afterburning  (fig.  5(b)) i s  similar t o   t he  comparison for mode 
I operation  with  the  afterburner  inoperative. Two-spool thrust  i s  a6 
great as or  greater  than one-spool thrust over..the  .ent3ze f l i gh t  range. 
The maximum difference  in thrust occurs at Mach 2.8 in  the  stratosphere, 
where two-spool thrust i s  about 6 percent  greater  than  one-spool thrust. 
The s f c  values  for  the’ two engines  are  practically  the same over the 
entire  flight  range  with a difference of 1 percent 0.r less. .. - 

Mode I1 operation. - For mode 11 Operation  with  the  afterburner  in- 
operative  (fig.  5(c)), two-spool thrust at zero Mach  number and sea level  
is about 9 percent greater than  one-spool thrust. A t  Mwh n u d e r  0.9 and . 

sea level ,  two-spool thrust is  equal t o  one-spool thrust. In  the  strato- 
sphere,  two-spool thrust excels below Mach 1.6, while  one-spool thrust 
excels above t h i s  Mach number. A t  Mach 0.9, two-spool thrust is greater I 

by about 8 percent,  while at Mach 2.8 one-spool thrust is higher by about 
7 percent. Two-spool sfc  is less  than one-spool sfc over most of the 

5 
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f l i gh t  range. The exception i s  f o r  f l i g h t  between Mach 1.8 and 2.3, 
when one-spool s f c  is s1rghtl.y less than two-spool sfc. A t  sea level, 
two-spool s f c  is 1 t o  5 percent less than one-spool sfc.  In  the   s t ra to-  
sphere  the maximum difference i s  about 3 percent. 

s 

The comparison of two- and one-spool  performance f o r  mode I1 opera- 
tion  with  afterburning  (fig. S(d))  is similar t o  the  comparison f o r  mode 
I1 operation  with  the  aFterburuer  inoperative.  .For mode II operation 

about 7 percent greater than  one-spool  thrust. A t  Mach 0.9 and sea level, 
two-spool and one-spool thrust are about eggal. In the  stratosphere, two- 
spool thrust 'exceeds below Mach 1.6, while  one-spool thrust excels above 
t h i s  Mach nuniber. A t  0.9 Mach nmiber, two-spool thrust  excels by about 
9 percent,  while at Mach 2.8 one-spool thrust is  greater by about 6 
percent. Two-spool sfc i s  less than  or  equal t o  one-spool s f c  over t he  
en t i r e   f l i gh t  range. A t  sea level ,  two-spool s f c  is 2 t o  5 percent less 
than  one-spool sfc. In  the  stratosphere,   the mEaximLllIl difference is about 
2 percent. 

Q, 
w with  afterburning, two-spool thrust  at zero Mach nuniber and 6ea l eve l  is 
s 

4 

i 

Component Areas 

The following compressor and turbine  design  vdues w e r e  calculated 
from the assigned design  conditions and limits: 

Component value 

(Outer-) compressor f r o n t d  area, sq ft 
(outer-) comgressor f i r s t - r o t o r   t i p  

(Outer-) compressor f i r s t - ro to r  hub- 

Inner-compressor f ron ta l  area, sq f t  
Inner-compressor t i p  speed, ft/sec 
Inner-compressor first-rotor  hub-tip 

mer - tu rb ine   f ron ta l  area, sq f t  
Inner-turbine  hub-tip radius r a t i o  
Inner-turbine-exit  centrifugal stress al 

(Outer-) turbine  f rontal  area, sq f t  
(Outer-) turbine-exit  hub-tip  radius 

(Outer-) turbine centrifugal stress at 

r e l a t ive  Msch nmiber 

t i p   r ad ius   r a t io  

radius   ra t io  

rotor  hub, p s i  

r a t i o  

rotor  hub, p s i  

Engine 

m o  spool One spool 

4.286 4.286 
1.184 1.184 

0.397 

4.286 

0.397 

1357 
0.766 

3.788 
0.671 
33,136 

4.739 

29,780  29,566 

0.587 0.634 
4.350 
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The f r o n t a l  areas of the inner and outer turbines  are,  respectively, . 
&out 12 percent  smaller and 11 percent  larger  than  the  frontal areas of 
the outer and inner compressors. Outer- and inner-turbine  frontal  area0 
equal t o  t h e  compressor f ronta l  area result from gtering the pressure- 
ra t io   divis ion between the  outer and inner compressors and increasing 
the  inner-turbine loading pmameter  by employing exit w h i r l  at the  inner- 
turbine  exit .  The new design  values of outer- and  inner-compressor pres- 
sure   ra t io  and inner-turbine loading parameter would be 2.15, 3.26, and 
2.15, respectively. For the one-spool  engine, the  r a t i o  of turbine t o  
compressor f ronta l  area is 1.015. Fi Qa 

Variations of corribustor, af'terburner, and exhauct-nozzle areas with 
fl ight  condition are shown i n  figure 6 f o r  mode I operatLon and i n   f i g -  
ure 7 f o r  mode 11 'operation. 

Mode I operation., .- For mode I operation, the maximum combustor 
f ron ta l  areas for  the ' two- and one-spool  engines are, respectively, 6 
and 5 percent greater than the cornpressor f ron ta l  area ( f i g  . 6( a) ) . 
Combustor frontal  area.exceeds compressor frontal area only above 
f l i g h t   h c h  numbers  of about 2.6 in the  stratosphere. 

The maJdm~l~ll afterburner  frontal  areas f o r  the  two-spool and the one- 5 

spool engines are about 19 and 16 percent greater, respectively, than t he  
compressor f ronta l  mea (fig.  6(b)) .  

The required  exhaust-nozzle-throat area variation (fig. 6(c)) is  
small f o r  the two engines. For operation  both with the afterburner in- 
operative and with afterburning, the required  variation  in exhaust- 
nozzle-throat area fo r  either engine i s  on ly  3 t o  4 percent. 

To obtain complete WanEion i n  the exhaust nozzle f o r  engine  oper- 
ation  with  the  afterburner  inoperative,  nozzle-exit  ereas greater than 
compressor f rontal   area are required  for   f l ight  Mach numbers greater than 
1.5 (fig. 6(d)). A t  Mach 2.8, t h e   r a t i o  of nozzle-exit mea t o  compressor 
f ronta l  mea i s  1.92 for the  two-spool  and 1.77 f o r  the  one-spool  engine. 
If the,  exhaust-nozzle area is  limited to the campressor f rontal  area, net 
th rus t  at a Mach  number of 2.8 is  decreased 10 percent  for  the two-spool 
and 8 percent for the one-spool  engine.  For  engine operation with af ter-  
burning  (fig.  6(e)),  nozzle-exit areas greater than compressor area are 
required f o r  a l l .  flight i n  the  stratosphere. A t  Mach 2.8, t he  r a t i o  of 
exhaust-nozzle-exit area t o  compressor f r o n t a l  area is  2.62 fo r  the two- 
spool engine and 2.50 f o r  the one-spool  engine. If the  exhaust-nozzle- 
area is l imited  to   the cornpressor f ronta l  area, net thrust at Mach 2.8 
i s  decreased W percent f o r  the two-spool and 14 percent  for  the one- 
spool  engine. 

n 
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Mode I1 operation. - For mode II operation,  the maximum combustor 
f ronta l  areas f o r  t he  two-spool and t he  one-spool  engines are, respec- 
t ively,  ll and 16 percent greater than  the compressor f ronta l  area (fig.  
7(a) ) . C o h s t o r   f r o n t a l  area exceeds compressor f ronta l  area only  
above a f l i g h t  Mach nuzziber of  2.4 for  the two-spool engine and 2.25 for  
the one-spool  engine. 

- . .. 

The maximum afterburner  frontal  meas (flg.  7(b) ) for the  two- and 
one-spool  engines are, respectively, 40 and 37 percent greater than  the 
compressor f ron ta l  area. . " 

The required  exhaust-nozzle-throat  area  variation is about t he  same 
for   the  two engines  (fig.  7(c) ) . For operation  with  afterburner  inopera- 
t i v e ,  an 18-percent  variation i n  t h r o a t  area is required  for  both  engines. 
For  operation  with  afterburning, a 19-percent  variation is required for 
the  two-spool engine and a 20-percent variation for t he  one-spool  engine. 

To obtain complete  expansion i n  the  exhaust  nozzle f o r  engine  oper- 
ation  with  the  afterburner  inoperative (fig. 7 (d) ), nozzle-exit  areas 
greater than compressor f ron ta l .  mea are requi red   for   f l igh t  Mach numbers 
greater than  about 1.3. A t  Mach 2.8, the  r a t i o  of exhaust-nozzle-exit 
area t o  compressor f ronta l  area is 2.12 f o r   t h e  two-spool and 2.20 f o r  
the one-spool engine. If the  exhaust-nozzle area is ="Led t o   t h e  com- 
pressor  frontal  mea, net  thrust at Mach 2.8 is reduced 15 percent  for 
t he  two-spool and 16 percent  for  the one-spool  engine.  For  engine  opera- 
tion  with  afterburning,  nozzle-exit areas greater than compressor a r e a  
are required f o r  all f l igh t   in   the   s t ra tosphere  (fig. 7(e) ) .  A t  Mach 
2.8, the  r a t i o  of exhaust-nozzle-exit area t o  compressor f ron ta l  area i s  
3.05 f o r  t he  two-spool and 3..16 f o r  t he  one-spool  engine. If the exhaust- 
nozzle area i s  limited t o   t h e  compressor f ronta l  area, net   thrust  at Mach 
2.8 is decreased 21  percent f o r  the  two-spool  and 22 percent  for  the one- 
spool  engine. 

SUMMARY OF RESULTS 

An analytical   investigation w a s  m d e . t o  compare the  engine  perform- 
ance and  component are= of hypothetical two- and one-spool turbojet  en- 
gines  for two  modes of operaKim. For both modes, the  turbine-inlet t e m -  
perature was  assigned t o   b e  2500' R for all operating  conditions. The 
mechanical. speeds of t he  one-spool  engine and the  outer spool of the  t w o -  
spool engine w e r e  assigned to be constant for mode I operation. For mode 
I1 operation,  the  equivalent  speeds of the one-spool  engine and the outer 
spool of t he  two-spool engine w e r e  assigned t o  be UO-percent design f o r  
all i n l e t  temperatures less than 567' R. For a l l .  i n l e t  temperatures 
greater  than 567' R, the  mechanical  speeds of t he  one-spool  engine and of 
t h e  outer spool of the  two-spool engine w e r e  held  constant at ll5-percent 
design . 
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The following  results were obtalned: 

1. For mode I operation,  the two-spool thrust values are BB great 
as or  greater  than  the one-spool thrust values  over  the entire f l ight  
range  considered. The specific-fiel-consumgtion values f o r   t h e  two en- 
gines agree within 1 percent  over  the  entire flight range. The maxim 
difference  in thrust occurs at Mach 2.8 i n  the stratosphere, where the 
two-spool thrust is greater than the  one-spool thrust   by about 9 percent 
for  operation  with  the  afterburner  inoperatiye ...FSpd.by &out 6 percent  for 
operation  with  afterburning. 

2. For mode II operation  with  afterburning  or  with  the  afterburner 
inoperative, two-Bpoo1 performance excels  over one pa r t . o f   t he   f l i gh t  
range, while one-spool  performance excels over  another. . The m a x i r m u n  . .  

two-spool thrust advantage i s  &out 9 percent,  while t he  maximum one- 
spool thrust advantage is about 7 percent. A t  sea level, two-spool spe- 
c i f ic  f'uel consumption is up t a  5 percent less than one-spool specif ic  
fuel consumption. In the  stratosphere,  the maximum difference is about 
3 percent. . .  

3. For mode I operation,  the maximum combustor f ronta l  areas fo r   t he  
two- and the one-spool  engines  are;respectively, 6 and 5 percent  larger 
than  the compressor f ronta l  area. The maximum afterburner  frontal  areas 
f o r   t h e  two- and the  one-spool  engine are, respectively, 19 and 1 6  per- 
cent greater than the compressor f ronta l  area. The required  vwiatiun 
in exhaust-nozzle-throat area f o r  either engine is only  3 t o  4 percent. 
For operation  with  the  afterburner  inoperative,  the maximum r a t i o  of 
exhaust-nozzle-exit area fo r  complete  expansion t o  compreesor f ronta l  
area is 1.92 fo r  the two-spool and 1.77 f o r  the  one-spool engine. For 
operation  with  afterburning,  the  ratios are 2.62 fo r   t he  two-spool and 
2.50 for   the  one-spool  engine. 

4. For mode II operation,  the maximum couibustor f r o n t d  areas f o r  
t he  two- and the one-spool  engines are, respectively, U. and 16 percent 
greater than  the compressor f ronta l  area. The  maximum afterburner 
f ronta l  areas for   the  two- and  one-spool  engines are, respectively, 40 
and 37 percent  greater  than the compressor f rontal  mea. The required 
exhaust-nozzle-throat area variation, which is about the same f o r  the  
two engines, is 18 t o  20 percent.  Far  operation  wzth-the  afterburner  in- 
operative,  the maxim r a t i o  of  exhaust-nozzle-exit area fo r  complete ex- 
pansion t o  comgressor f ronta l  mea i s  2.12 for   the  two-spool  and 2.20 .for 
the  one-spool  engine.  For  operatfon  with  afterburning,  the  ratios are. 
3.05 for  the two-spool and 3.16 for  the one-spool  engine. 

Lewis Flight  Propulsion  Laboratory 
National  Advisory Committee for Aeronautics 

Cleveland, Ohio, October 14, 1955 . 
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The following synibols are used in   t h i s   r epor t :  
w 
a, 
G I  

am c r i t i c &   v d o c i t y  of  sound, ft/sec 

% velocity  coefficient . 

I? thrust, Ib 

f f uel-air r a t i o  - 

Q standard- gravitational  acceleration, 32.2 f t /sec2 

H stagnation  enthalpy, Btu/lb 
+ 

3 mechanical  equivalent of heat, 778.2 f t - lb/Btu 

N ro ta t iona l  speed, rpm 

P total   pressure,  Ib/sq f t  

P static pressure, lb/sq f t  

R gas  constant, 53.3 ft-B/(B) (DR) 

sfc spec i f ic   fue l  consumption, Ib fuel/(hr)(lb thrust) 

T t o t a l  temperature, 91 

t static temperature, 91 

U wheel speed, f t /sec 

v velocity,   f t /aec 

w w e i g h t  flow, Ib/sec 

17 

r ratio of specif ic  heat at constant  pressure to specif-ic  heat a t  
constant volume 
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s r a t i o  of t o t a l  pressure to. NACA standard 'sea-&vel preesure of 
2116 lb/sq f t  

9 adiabatic efficiency 

e r a t i o  of t o t a l  temperature t o  M C A  standard  sea-level  temperature 
of 518.7O R 

8ubscript.s; 

h 

i 

3 

n 

0 

X 

0 

1 

2 

3 

4 

5 

6 

6a 

7 

7s 

8 

inner spool 

Jet  

net 

outer spool 

axial 

ambient C O I l d i t i Q n  . 

Two-spool notation 

outer-compressor i n l e t  

inner-compressor inlet 

combustor inlet 

inner  -turbine in l e t  

outer-turbine inlet 

outer -turbine exit 

afterburner i n l e t  

exhaust-nozzle lnlert - 

exhaust-nozzle  throat 

exhaust-nozzle exit 

. .  . .  - . -  .. . - "  

One-spool notation 

campressor i n l e t  

" .  . . .. " .  . 

combustor i n l e t  

- turbine. ;inlet . 

twbine . e x i t .  .. . - . .  

afterburner inlet .: 

-. . . exhaust-nozzle inlet , . 

exhaust-nozzle thrpat 

exhaust-nozzle.  exit 

b 

.. . 
D 

-. . .. . . .. 



I 

. 
NACA RM E55513 19 

APPENDIX B 

The  pumping character is t ics  of t he  two-spool gas generator are 
obtaizled by f irst  matching the  inner compressor, codmstor, and inner 
turbine, and then matching a resultant  inuer-spool performance map with 
performance maps of the  outer compressor and out.er  turbine. ShiW 
procedures are discussed in reference 5. The performance of the  inner 
spool was found as follows : 

w 
0) 
P 

Inner-compressor  performance was plot ted as (H3-Ez) (Nd*)d/Ni 2 2  

A against. w ~ I T ~ / ( N J ~ ) ~ ( ~ ~ )  (p4/p3) for  constant  values of z (Ni/t&)/ (Nd-)d. Inner-turbine  performance was p lo t ted  as z ( H ~ - H ~ )  :/% against w4~l/ ( N ~ / ~ ) ~ E ~  for  constant.  values of 

+ (Ni / f i ) / (N i / f i ) a .  The maps were sugerinqosed so as t o  satisfy the  
matching relat ions : 

The fuel added i n   t h e  conibustor w a s  assumed t o  compensate f& the  
air bled from the compressor e x i t   t o  cool the  turblnes,  so that w2/w4 
was assumed equal t o  1.0. Accessory power was assumed t o  be negligible 
f o r  matching purposes. The pressure  ratio  across  the canibustor was 
t&en  equal t o  0.97. 

A t  each match point common t o  the superimposed maps, the  turbirie 
t o  compressor temperature r a t i o  was  calculated f i o m  
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Other inner-spool.quantities were calculated OT read frm appropriate 
plots,  s o  that  inner-spool performance could be plot ted a8 w 2 F d 6 2  
against w 5 F d E 5  for constant  values of TdT2 .  

with 

and 

The following  iteration  procedure was used to mqtch the  inner spool 
the  outer compressor  and outer  turbine: 

. . .. 

2 2  
(1) Outer-compressor  performance was plotted as (%.-H~) ( ~ , / f i ) a / ~ ~  cn 

T2/T1 against w2-/S2 for. constant ( N 2 f i ) /  (N, / f i )d .  . . .  3 
r( 

(3) An outer.-cmpressor  operating  point w a s  =signed. This gave 

(8) A value of Tg/T2 was calculated by mahing use of the relation 
between the  outer-spool component equivalent  speeds : 
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If thir, did not  equal  the value from step (7 )  , steps (4) t o  (8) were 
repeated  unt i l  agreement w a s  reached. 

A l l  the  two-spool  gas-generator quant i t ies   required  to  compute the  
pumping ch8xacteristics may now be  calculated  or  read from appropriate 
plots.  The two-spool pumping character is t ics  w e r e  p lot ted as Tq/T1, 

One Spool 

The one-spool  gas-generator .pumping character is t ics  were obtained 
by  following the procedures  outlined for the inner spool of the  two- 
spool gas generator. Axial s ta t ions I, 3, 4, and 6 for the one-spool 
gas generator  replace  stations 2, 3, 4, and  5 for the  inner  spool of the 
two-spool gas enerator. The one-spool puiqing character is t ics  were 
plot ted as Tq$T1, Tg/TI, Pg/PIJ and f/% : Elgainst w I ~ d 6 6  fo r  

constant H/-. 
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(c) Compressor of one-spool engine. 

Figure 2. - Continued.  Component performance UBPS of two-spool and 
one-spool turbo j e t  engines. 
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(a) Inner turbine of two-spool engine. 

Figure 2. - Continued.  Component  performance maps of 
two-spool and one-spool turbojet engines. 
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w 

(e) Outer turbine of two-spool. engine. 

Figure 2. - Continued. Component performance maps of two-spool 
and olze-spool turbojet engines. 

c 
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(f) Turbine of one-spool engine. 

FFgure 2. - Continued. Camporient performance maps 
of tm-spool and one-spool turbojet  engines. 
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( g )  Inlet  of both engine8 . 
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. (b) Inner Compressor of two-spool engine. 

F l p r e  3. - Continued. TWO-SW~ and one-spool operating lines far two modes of 
operatfon. 
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(a) Iuner   turbine OP tw-o-spool engine. 

c 

Figure 3. - Continued. Two-spool and one-spool operating 
lines for.two modes of -operation. 
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( e )  Outer turbine of two-spool, engine. 

Figure 3. - Continued. Two~spool and one-spool operating lines f o r  two 
m o d e s  of operation. 
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(f) Turbine of one-spool engine. 

Figure 3. - Concluded. Two-spool and one-spool 
operating lines lor two modes of operation. 



XACA RM E55513 

I 

37 

10.0 

90 

80 

70 

60 

50 
0 .5 1.0 1.5 2.0 2.5 3.0 

Flight  Msch number, % 

(a)  MO& I operation. 

Flgure 4. - Variation of engine eqpivalent weight flow with flight 
condition. 
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Flight Mach number, % 
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(b) Mode II operation. 

Figure 4. - Concluded. Variation of engine equivalent weight f l o w  with 
flight  condition. 
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(a) Mode I operation with afterburner inoperative. 

Figure 5. - Comparison of two- and one-spool performance. 
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(a) Conclurled: Mode I ogeratlon with afterburner  inogerative. 

Flgure 5. - Continued. -em of two- and one-spool. perfariname. 
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(b) b k d e  I operation with afterburning. 

Mgure 5. - Continued. ccmpmison of two- end one-spool performance. 
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(b) concluded. ~ o d n  I operation with afterburning. 

Figure 5. - Continued. Comparieon of tm- and one-spool performaace. 
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(c) Mode IT -ration with afterburner imperative. 
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Flight Mach number, % 

(a) Mode IT operation w i t h  afterburning. 

Figure 5. - Continued. Comparison of two- and one-spool 
performance. 
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0 .5 1.0 1.5 2.0 2.5 3.0 
Flight Mach number, % 

(a) Combustor frontal area. 

Figure 6. - Varfation af two- and one-spool component areas with. flight 
Mach number f o r  mode I operation. 
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(b) Af'terburner f r o n t a l  area. 

Figure 6. - Continued. Variation of two- and one-spool component 
areas with f l i g h t  Mach number f o r  mode I operation. 

. 
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(c) E&aust-nozzh-throat area. 

Figure 6. - Continwd. Variation of two- and one-spool component areas 
with flight number for made I operation. 
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Flight Mach number, h % ~  

(a) Exhaust-nozzle area for full expansion. Afterburner inoperative. 

Figure 6. - Continued. Variation of two- and one-spool component areas 
with flight Mach number f o r  mode I operation. - 

. 
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(e) Exhaust-nozzle area for full expsnsion. uith 
afterburning. 

Figure 6. - Concluded. Variation of two- and one-spool 
component areas uith fUght Mach umber for mOae I 
operation. 
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Flight Mach number, % 

( E )  Combustor frontal   area.  

Figure 7. - V a r i a t i o n  of two- and one-spool component areas with flight 
hhch number f o r  mode I1 operation. 
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(c) Exhaust -nozzle-thrat  area. 

Flgure ’ 7. - Continued. Variation of two- and one-spool component areas  
with flight Mach number for mode 11 operation. 
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2.5 3.0 
Flight Mach number, 

(a) Exhaust-nozzle area for f u l l  m a i o n .  Afterburner inaperative. 

Figure 7 .  - Continued. Variatipn of two- and me-spool conrponent areas 
with f l igh t  rider for mode 11 operation. 
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